Proposal for Efficient Generation of Spin-Polarized Current in Silicon 
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We propose a spin-dependent resonant tunneling structure to efficiently inject spin-polarized cur- 
rent into silicon (Si). By means of a heavily doped polycrystalline Si (Poly-Si) between the ferro- 
magnetic metal (FM) and Si to reduce the Schottky barrier resistance, we estimated raising the 
tunneling current density up to 10 8 Am -2 . The small Fermi sea of the charge carriers in Si focuses 
the tunneling electrons to the resonant spin states within a small region of transverse momentum in 
the ferromagnet which creates the spin polarization of the current. Because of the large exchange 
splitting between the spin up and down bands, the decay of the spin current is explained in terms 
of scattering out of the focused beam. The spin polarization in the current survives only if the 
thickness of the FM-layer is smaller than the spin-diffusion length estimated from that cause. 
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Silicon-based devices are responsible for the process- 
ing of high volume information and for communication 
devices, thereby playing a fundamental role in existing 
electronics. Information storage, on the other hand, is 
in separate magnetic media. The idea of combining both 
functions in the same device spurred vast interest in spin- 
tronics with semiconductors. Many advantages of such 
devices were pointed out in recent years, e.g., memory 
nonvolatility, increased data processing speed, decreased 
power consumption, and increased integration densities 
The first step to implement spintronics in semicon- 
ductors consists in the ability to inject and to detect spin- 
polarized carriers in such materials. Such a task can be 
achieved by making a contact between a semiconductor 
and a FM, since the electrical conductivity for majority 
spin and minority spin is different in the FM. However, 
this type of contact produces a very low efficiency spin 
injection. The difficulty is due to the difference between 
the conductivities of these materials Q and to circum- 
vent such a problem, a barrier must be included between 
the two media 0). Thus, cither an insulator or a Schot- 
tky barrier can be used to raise the efficiency of the spin 
injection into semiconductors; on the other hand, the cur- 
rent is drastically reduced by the barriers. The problem 
of spin injection efficiency into semiconductors is well un- 
derstood and many experimental results have shown its 
feasibility 4 6]. The current challenge is to create a sig- 
nificant electrical output signal that captures the spin 
information. In other words, to build an efficient silicon- 
based spintronic device, we need to find a system where 
high current and spin-polarization coexist. 

In this letter, we propose a structure composed of a 
FM between two heavily doped semiconductor to achieve 
both spin-polarization and high total current. The op- 
eration of such a device is in a sense analogous to the 
operation of the resonant tunneling diode (RTD) Q, 
therefore we will call it spin-RTD hereafter. Current 
in a RTD flows only when the applied voltage reaches 
specific values that correspond to resonant states within 
the barriers. If these resonant states arc spin-dependent, 



each spin component of the current will behave differ- 
ently as a function of the applied bias. For instance, 
spin-down (spin-up) electrons will flow when the applied 
voltage reaches the specific resonant energy Ej: (Ej) [see 
Fig. 1], while electrons with opposite spin will be filtered. 
The low density electrons in the conduction valleys of Si 
serve to focus the transport electrons in the FM region 
to a small part of the Fermi surface [§] . These regions as 
filamentary channels in k space together with the ferro- 
magnet subbands enable the relevant resonance tunneling 
phenomenon. In this work we adopt the effective mass 
approximation for both metal and semiconductor. The 
crystal symmetry effects found important in cpitaxially 
grown magnetic tunnel junctions |1, H3] are averaged out 
by the disorder in strongly doped Poly-Si. The I-V char- 
acteristics in Schottky barriers appear in general quali- 



tatively accounted for by the effective mass theory [11 
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FIG. 1: (Color online) Schematic conduction band diagram 
for spin-up electrons (solid curve) and spin-down electrons 
(dashed curve) at bias eV. The Fermi energy of Poly-Si (Si) 



is represented by E f 



(Ep). d (dp_ si) is the thickness 



of the FM (Poly-Si) layer. w+ and V s + (z) (vi- and V s ~ (z)) 
designate the width and potential of the Schottky barrier in 
the right (left) side, respectively. The effective mass of the FM 
(Si) is given by mpj; [insi). Also, resonant state with energy 
El for spin-up (spin-down) electrons is schematized. A 

is the exchange energy, which also gives the difference between 
the bottom of the two spin conduction bands of the FM. 
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The band-structure of the FM is approximated by the 
Stoner model, with a spin-up band and a spin-down band 
split by a constant exchange A. In Fig. 1, we present a 
schematic band diagram for the proposed spin-RTD. The 
two thin Schottky barriers are formed by the contact be- 
tween the FM and Poly-Si. Such a material has been 
used industrially as the conducting gate for MOSFET 
12 1 , CMOS [HI and in thin- film transistors (3] applica- 
tions. Because Poly-Si can reach very high densities of 
dopants, we shall make use of it as an intermediate ma- 
terial between the FM and Si. Also, this material forms 
an ohmic contact with Si, which is located at the edges of 
our spin-RTD. In the middle of Fig. 1, we represent the 
two spin bands of the FM, shifted by the exchange energy 
A. Experimentally, we believe that the techniques devel- 
oped for magnetic nanopillars (ljj might be very useful 
to build the proposed device. 

The current density for eac h sp in component at zero 
temperature is determined by [llj 
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where a = (t,i),E mm = {Ep-\eV\/2)Q(Ep-\eV\/2), 
E\\ = h 2 k 2 /2m Si ^, m-s^W is the effective mass of Si par- 
allel to the transport direction, and D a (eV] E — E\\) de- 
notes the transmission probability of the electron of spin 
a through the spin-RTD. <d(x) is the step function. 

To treat the spin relaxation of the current in the para- 
magnet regions of Si and Poly-Si, we use the usual spin- 
flip term in the spin diffusion theory for paramagnetic 
metals [HI, E3] ■ Although the spin flip term is also used 
in the multilayers of para- and ferromagnets [lij . the 
large exchange splitting in the ferromagnet means that 
s — d electron scattering cannot satisfy energy conser- 
vation without concomitant change of the spatial states. 
Consider the common case of Si interface in the (001) di- 
rection with two pockets of conduction electrons. Their 
low density limits the tunneling current in the FM re- 
gion to be less than 0.1 % of the FM Fermi surface cross- 
section normal to (001), increased to at most 1 % in the 
Poly- Si regions. We suggest that, for the electron sub- 
bands in the quantum well of the FM, the confinement 
of the transport electrons near the Fermi level to small 
transverse momenta causes the current to be spin-filtered 
in resonance with a subband edge of a particular spin. 
The case of two different spin paths is analogous to the 
case of strong spin-orbit split bands. [19j |. The polariza- 
tion decay in the tunneling current is due to scattering 
with the electrons outside the tunneling current. 

To obtain a rough estimate of the spin currents, we 
use, in FM, the exchange splitting of the two bands for 
the difference in the real parts of V a {z) and the con- 
stant imaginary parts of W a for the current decays in 
the d tunneling electrons in the different spin channels. 
Then the spin-dependent transport relaxation time is k- 



independent, r a = h/2 W a . We argue that the inhibit- 
ing effect of disparate energy levels of the exchange-split 
bands in ferromagnetic metals is present at the inter- 
face, even without the semiconductor focussing effect and 
thus interpret the bulk and interface measurement re- 
sults in ferromagnetic metals which are generally pre- 
sented as the spin-diffusion length [20| . Without the 
additional data for the spin-independent component of 
the transport time of the electron in the tunneling chan- 
nel, we cannot unentangle the conductivity and the dif- 
fusion coefficient for each spin channel, as was done in 
the semiconductor case with optical excitation [l^. We 
simply approximate the two independent exponential de- 
caying spin-components in the accumulation layer by the 
same measured "spin-diffusion length" t a sd . Thus, 
T a = l a s Jv F , where v F = ^/2E F jmpM is Fermi velocity 
in the ferromagnet. 

The shape of the Schottky barrier in the Poly-Si semi- 
conductor region (s) is calculated in the depletion layer 
approximation, with a constant donor concentration, 
N d , in — (w- + a) < z < —a and a < z < w+ + a, 
where a = d/2 and the origin z — is set in the middle 
of the FM. The electrostatic potential of the barriers is, 

V±{z) = - — (z 2 T2z(a + w±) +2aw± + a 2 ) 



+ Ef + V s -eV/2, 



(2) 



where e s is the dielectric constant of the semiconductor 
and plus (minus) signal refers to the right (left) side. The 
height of the Schottky barriers is V s and the widths are 

nl/2 

^ s T eV/2) . 



w± 



e B I FP-Si 



In our numerical calculation, we use the following pa- 
rameters: vj^ = 1.26x 10 8 cm/s, Vp = 4.8xl0 7 cm/s (cor- 
responding to the two exchange split bands E F = 4.52 
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FIG. 2: (Color online) The black (red or light gray) curve 
represents the current density for spin-up (spin-down) elec- 
trons as a function of applied bias. Here, we consider a fixed 
thickness for the FM-layer d = 8.3 nm and T=0 K. The re- 
sults considering different "spin-diffusion length" are also in- 
dicated. 
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cV, E l F = E F - A = 0.66 cV), and the effective mass of 
electrons inside the FM equal to the free-electron mass 
(niFM= m o) [HI- For silicon, we adopt m5 i 2 = 0.91 m 
and msi y = 0.19 mo. For simplicity, we assume the same 
effective mass of silicon for Poly-Si. The carrier concen- 
trations are Aj" si = 10 20 cm" 3 and Af 1 = 5 x 10 18 cm" 3 
for heavily doped Poly-Si and Si, respectively. Also, we 
consider a Schottky barrier height V s = 0.65 eV, the 
Fermi energy of Poly-Si and Si equal to E F ~ Sl ps 80 meV 
[13], and Ef « 10 meV, respectively. The Schottky bar- 
rier width for zero bias is w_ = u>+ s; 3.2 nm and the 
thickness of the Poly-Si layer is fixed at dp_si = 5 nm. 

The current density for spin-up (spin-down) electrons 
calculated by Eq. (2) is shown by the black (red or light 
gray) solid curve in Fig. 2 for a fixed thickness of the 
FM-laycr d = 8.3 nm. The spin-up current density shows 
a maximum (2.4x 10 7 Am~ 2 ) for an applied bias of 0.23 
Volts. A similar phenomenon is observed for the spin- 
down current density, although two peaks are observed 
in this case. Such behavior is the signature of the RTD 
devices, where the current flows only after the applied 
bias tunes the resonant states. Fig. 2 also shows the 
effects of partial relaxation on spin components of the 
current density for different values of the "spin-current 
decay length" corresponding to three different FM, Co 
(|S° =59 nm), CoFe (^ d oFe =12 nm), and Fc (£f d c =5 nm) 
[20j . As expected, we see that decreasing the spin current 
decay length reduces and broadens the current density 
peaks. When the spin-decay length is smaller than the 
thickness of the FM-layer =5 nm) we observe a large 
suppression in the current density peaks. The changes in 
the spin-dependent density current as a function of the 
applied bias can be observed by the spin-polarization, 
defined as p = ~ h)/ih + h)- Fi S- 3 shows the spin- 
polarization as a function of the bias for a fixed thickness 
for the FM-layer (d = 8.3 nm) and the same spin-current 
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FIG. 3: Spin-polarization as a function of applied bias. The 
thickness for the FM-layer and the temperature are the same 
adopted earlier (d = 8.3 nm and T=0 K). The results consid- 
ering different "spin-diffusion length" are also indicated. 

decay lengths. In this case of l s< ± » d, i.e., sufficient 



preservation of the spin current, the current polarization 
oscillates and can reach full spin polarization. Thus, a 
highly spin-polarized current with either spin direction 
may be obtained by appropriate choice of the applied 
bias on the spin-RTD. 

In conclusion, we show the possibility of injection of 
highly spin-polarized and strong current density into sil- 
icon by employing a spin-RTD. The focusing effect of 
the tunnel current by the semiconductor enables resonant 
tunneling dominated by a single spin subband of the FM 
quantum well at a given bias voltage. The possibility of 
polarization switching by electrical bias control may be of 
importance to spin devices. The spin decay through the 
ferromagnet is avoided by short layer width. The low 
polarization generation due to the resistance mismatch 
between the metal electrode and the semiconductor is 
mitigated by the intervening heavily doped electrodes 
(Poly-Si). Finally, the fabrication of such spin-RTD is 
within the capabilities of current nanomagnct plus semi- 
conductor stack fabrication. 
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